Membrane potential Bipolar electric pulse exposure Nanosecond electric pulse exposure YO-PRO-1 Calcein Volume regulation Goldman-Hodgkin-Katz equation A B S T R A C T Nanosecond bipolar pulse cancellation, a recently discovered phenomenon, is modulation of the effects of a unipolar electric pulse exposure by a second pulse of opposite polarity. This attenuation of biological response by reversal of the electric field direction has been reported with pulse durations from 60 ns to 900 ns for a wide range of endpoints, and it is not observed with conventional electroporation pulses of much longer duration (> 100 μs) where pulses are additive regardless of polarity. The most plausible proposed mechanisms involve the field-driven migration of ions to and from the membrane interface (accelerated membrane discharge). Here we report 2 ns bipolar pulse cancellation, extending the scale of previously published results down to the time required to construct the permeabilizing lipid electropores observed in molecular simulations. We add new cancellation endpoints, and we describe new bipolar pulse effects that are distinct from cancellation. This new data, which includes transport of cationic and anionic permeability indicators, fluorescence of membrane labels, and patterns of entry into permeabilized cells, is not readily explained by the accelerated discharge mechanism. We suggest that multi-step processes that involve first charged species movement and then responses of cellular homeostasis and repair mechanisms are more likely to explain the broad range of reported results.
Introduction

Electroporation -unanswered questions
Membrane permeabilization by pulsed electric fields enables biomedical and industrial applications like electrochemotherapy [1] , irreversible electroporation [2] , and food extraction and processing [3, 4] , despite the lack of a solid biophysical understanding of the phenomenon. Studies spanning decades have provided important insights [5] [6] [7] [8] [9] , but procedures and protocols are still optimized empirically, because the underlying mechanisms have not been established, and robust, predictive models do not exist.
Recently a new puzzle was added to the stubborn mysteries of electroporation -nanosecond bipolar pulse cancellation, the elimination of the effects of a unipolar pulse by a subsequent pulse of opposite polarity. Bipolar pulse cancellation was first demonstrated with propidium permeabilization, increases in intracellular calcium concentration, and cell killing [10, 11] . The universality of the phenomenon has since been established with reports of bipolar pulse cancellation with a variety of cell types, pulse durations, pulse shapes, and measurement endpoints [12] [13] [14] [15] [16] [17] .
Nanosecond bipolar pulse cancellation is unexpected because the annihilation or attenuation of the effects of pulse exposure by additional pulses of opposite polarity runs contrary to what is observed in conventional electroporation protocols, which use pulses of microsecond or millisecond duration. With these longer pulses, a second pulse is additive, regardless of its polarity [18, 19] . An even more puzzling feature of this phenomenon is that cancellation is observed even with delays as long as 50 μs between the two phases of a nanosecond bipolar pulse, a period much longer than the membrane charging-discharging time, which is not more than a few microseconds even for large cells [10, 15, 17] .
Traditional representations of electroporation, including recent versions of the standard model [20, 21] that explicitly incorporate the sub-microsecond time scale, do not predict this cancellation effect in the nanosecond pulse regime. Pore dynamics in the standard model are based on the mechanical energies of hydrophobic and hydrophilic pores resulting from the interplay of surface and line tensions in a lipid bilayer [22] [23] [24] [25] . Increasing the transmembrane potential lowers the energy barrier for formation of a hydrophilic pore [20, 21] . Within a few nanoseconds after the pore formation barrier is overcome, the number of hydrophilic pores and the membrane conductance increase dramatically, and the membrane potential drops close to zero [26] . A second pulse (of the same or opposite polarity) arriving while the membrane is in this conductive state cannot induce a transmembrane potential and thus cannot change the number or the size of existing pores, and should not, in the framework of these models, have an attenuating effect on membrane permeabilization-related endpoints.
Membrane charging and discharging in an external electric field
In a simplified electrophysical model of a biological cell in an alternating electric field, the membrane can be capacitively charged from its normal, slightly negative transmembrane potential, -V m,resting , to a supraphysiological voltage, V m,induced , and then discharged, during the second phase of the alternating waveform, back to -V m,resting and further to -V m,induced [27, 28] . The values of V m,induced and -V m,induced depend on the duration and magnitude of the phases of the applied electric field. It has been proposed that the second phase of a bipolar pulse, by rapidly discharging the membrane from V m,induced to -V m,resting (accelerated discharge, also called "assisted discharge"), could reduce or cancel effects resulting from the exposure of the cell to the supraphysiological V m,induced induced by the first phase [10] .
The peak induced membrane potential, V m, induced , for a given external electric field amplitude E 0 can be approximated at the electrodefacing poles of a spherical cell of radius r by the Pauly-Schwan equation [27] :
V m cannot increase without limit. When |V m | exceeds a critical value (which can be as low as 300 mV), the membrane becomes electrically conductive and permeable to ions and small molecules [29] [30] [31] [32] .
A critical assessment of the proposed accelerated (assisted) discharge mechanism for bipolar pulse cancellation requires an analysis of the time course of membrane potential changes during pulse exposure. Assume an initial value V m,0 for the transmembrane potential. Under the influence of a time-invariant external electric field with a magnitude that results in a peak membrane potential, V m, induced , the time-dependent membrane potential V m is given by the capacitive charging equation:
where t is the time after the electric field is applied and τ m is the membrane charging time constant, which can be calculated from the intracellular and extracellular conductivities (σ i and σ e ) and the thickness of the membrane, d m [28] :
Note that the kinetics of charging and discharging, and therefore the time course of an "accelerated discharge" and the effectiveness of cancellation, depend directly on the value of the membrane charging time constant with respect to external electric field duration (t/τ m ) and on the external electric field amplitude.
Pulse durations comparable to the membrane charging time τ m
As a measure of the effectiveness of a given exposure, we can consider the integrated product of the transmembrane potential and the time during which the transmembrane potential is above some threshold, V m,critical , that causes an effect. Assume V m,critical = 1 V (on the high side of the range of reported experimental values). In Fig. 1a , the transmembrane potential driven by a rectangular, 60 ns, 1.2 MV/m unipolar pulse, used by Pakhomov et al. [10] , discharges below V m,critical after about 200 ns, with a total dose of 298 nV·s. In this same example, the transmembrane potential is discharged to zero by an immediately following pulse of opposite polarity with an amplitude of 0.6 MV/m (positive to negative phase ratio 1:0.5), and a total dose of only 185 nV·s.
To understand this better, consider carefully the two bipolar analyses shown in Fig. 1a , which illustrates how a bipolar pulse with a second phase amplitude that is half that of the first phase discharges the membrane more effectively (lower V·t dose) than a bipolar pulse with first and second phases that are equal in amplitude. The lower amplitude second phase accelerates the discharging so that at the end of the second phase, membrane potential is below the critical potential (blue line in Fig. 1a ). For the higher amplitude second phase, the larger discharge acceleration drives the induced membrane potential past the critical value at the opposite polarity from that induced by the first phase charging (green line, Fig. 1a ), increasing the effective area of permeabilization relative to that produced by the lower amplitude second phase. For the smallest effective area, the second phase of the pulse must accelerate the discharging just the right amount so that at the end of the second phase, membrane potential is below the critical potential and stays there. If the acceleration of discharging driven by the second phase is too high, the membrane potential may go beyond the critical value in the opposite polarity, which also increases the effective area.
Pakhomov et al. [10] and other previous reports of nanosecond bipolar cancellation are based on cellular responses to 60-900 ns pulses, which have durations on the same order as the membrane charging time constant (~100-1000 ns) [10] [11] [12] [14] [15] [16] [17] . Using 60 ns pulses to induce YO-PRO-1 uptake, for example, Gianulis et al. [15] decreased the conductivity of the medium to prolong the discharge time by increasing τ m , in order to see the effect on bipolar pulse cancellation. The expectation was that "increasing the time interval during which a polarity reversal can cancel the effects from the initial stimulus" would affect the time allowed between the two pulse phases for effective cancellation, but they "found that the time-dependence of bipolar cancellation was similar" for low-and high-conductivity media.
Approaching the question of the effect of medium conductivity (and membrane charging time) analytically, we plot in Fig. 1b V m versus t for the same electric pulse used in Fig. 1a , but with the charging time constant doubled (by roughly a 10-fold change in extracellular conductivity). This relatively small change produces very different results shown in Fig. 1b . The reduction in V·t dose ("cancellation") relative to the unipolar pulse exposure is roughly the same for the bipolar pulse with a second phase amplitude that is half that of the first phase and the bipolar pulse with first and second phases that are equal in amplitude. In general, for pulse durations comparable to the membrane charging time constant τ m , changes in conditions that affect τ m can produce large changes in the net exposure dose, V·t. contrary to experimental observations.
Pulse durations much shorter than the membrane charging time τ m
To test further the accelerated discharge hypothesis, but without the complications and possible confounding effects of changing buffers or the high sensitivity to a small change in τ m , we report here data from experiments using pulses at the short end of the nanosecond regime (pulse duration < 10 ns), where the pulse duration is significantly less than τ m , and the results are relatively insensitive to τ m . For example, a 2 ns, 17 MV/m bipolar pulse with equal amplitudes for each phase will induce a transmembrane potential that is discharged rapidly to 0 V even if the membrane charging time constant is doubled ( Fig. 1c and d) .
We observe 2 ns bipolar pulse cancellation in the myeloid cell line U-937 with several endpoints: intracellular calcium concentration change, YO-PRO-1 influx, calcein efflux, and membrane labeling with FM 1-43. The calcein observations are the first report of cancellation of pulse-induced efflux from cells, and, at the same time, of cancellation of pulse-induced transport of an anionic, normally impermeant small molecule. These 2 ns bipolar pulse results provide further evidence that the conditions required for cancellation by accelerated discharge are far too restrictive to account for the broad range of the conditions under which bipolar pulse cancellation is observed. In addition, we report here differences in spatial transport patterns and in volume regulation that point to previously unrecognized complexity in cellular responses to nanosecond unipolar and bipolar electrical stimuli.
Materials and methods
Cells
U-937 (human histiocytic lymphoma; ATCC CRL-1593.2) cells [33] were cultured in RPMI-1640 medium (Corning® glutagro™ 10-104-CV) with 10% fetal bovine serum (Corning, 35-010-CV) and 1% penicillin/ streptomycin (10,000 U/mL penicillin and 10 mg/mL streptomycin) at 37°C in a humidified, 5% CO 2 atmosphere.
Pulsed electric field exposure
2 ns, 17 MV/m pulses (HORUS pulse generator) or 2 ns, 42 MV/m (FID 10-2CN6V2) pulses were delivered to cells in suspension in cover glass chambers (Nunc™ Lab-Tek™ II) through parallel tungsten wire electrodes with 50-60 μm interelectrode gap [34] . Cells were observed at laboratory room temperature on the stage of a Leica TCS SP8 laser scanning confocal microscope. The HORUS pulse generator [35] [36] [37] delivers unipolar pulses of 2 ns full width at half maximum (FWHM) and bipolar asymmetric pulses of 1.8 ns FWHM each phase with negative phase amplitude 30% of the positive at a maximum electric field of 17 MV/m in our system. An FID GmbH pulse generator (model: FPG 10-1CN6V2, Burbach, Germany) provided 2 ns FWHM pulses for unipolar, asymmetric bipolar (negative phase 30% of positive), and symmetric bipolar (negative phase equal to positive phase) pulses. Waveforms can be seen in Fig. 2 . Pulse parameters for each experiment were chosen for a detectable fluorescence change in our system with the lowest exposure dose that our electrode configuration/pulse generator can accommodate. For a summary table of results with pulse exposure parameters used, see supplementary material.
Molecular transport experiments
Cells were washed and suspended at approximately 5 × 10 5 cells/ mL in fresh RPMI 1640 medium before all the experiments. 2 μM YO-PRO-1 and 20 μM FM 1-43 were added to the medium approximately 10 min before the recordings for the corresponding experiments. For calcium imaging and calcein efflux experiments, cells were incubated in fresh medium containing 1 μM Fluo-4-AM, and 0.25 μM calcein-AM for 15 min at 37°C in a humidified, 5% CO 2 atmosphere, before being washed and resuspended in fresh RPMI 1640 medium.
Imaging
Laser scanning confocal fluorescence microscope images were captured (Leica TCS SP8) every second for two minutes (120 frames) from cell suspensions at room temperature in ambient atmosphere on the microscope stage. Confocal slices of 1 μm thickness around the widest cross-section of the cells were imaged for all experiments except for calcein efflux. For calcein efflux experiments, the pinhole was opened such that total fluorescence from the whole cell region was recorded, equivalent to a non-confocal fluorescence image acquisition [38] .
Image processing
All cells visible in the microscope field between the electrodes were selected for fluorescence photometric image analysis before each pulse exposure. Fluorescence intensities of each region of interest were extracted using custom MATLAB routines. The following built-in MATLAB functions were used in custom image processing routines: 'imroi', for manually choosing regions of interest based on transmitted light image membrane boundaries; 'regionprops', for evaluating geometric properties of regions of interest. Image processing for YO-PRO-1 transport patterns was previously described [39] . Briefly, the cell areas in the images were divided into pixel rows parallel to the electrodes, and these rows were divided into three regions (anode-facing, middle, and cathode-facing), each with an equal number of rows. Analysis of polar behavior is based on the mean fluorescence intensity of each row for each region.
Cell volume measurements
Cell volumes were measured in medium containing 200 μM calcein, as previously described [40] . Briefly, cell regions were isolated from zstack measurements in fluorescence images (where the cell outline is sharply defined by the fluorescence boundaries). The cell volume change ratio was calculated by normalizing the sum of total cell region areas from z-slices to the initial value of the same sum.
Statistical analysis
For all endpoints measured, at least three electric field exposures were performed with three different cell preparations and passages, and data was collected for 15-32 cells. The measurements are shown as the mean ± standard error of the mean, and the number of cells for each experiment is indicated in figure captions.
Results
Bipolar cancellation can be observed with 2 ns pulses, consistent with previous reports with longer (> 60 ns) pulses
As pulse durations are decreased, a greater pulse amplitude is required, in general, to produce a given effect. With 17 MV/m unipolar and asymmetric bipolar pulses (Fig. 2a) we observed cancellation of 
YO-PRO-1
2 ns unipolar pulse exposures (10, 20, 40 , and 60 pulses) produce significantly greater YO-PRO-1 influx than sham exposures, linearly increasing with the number of pulses (Fig. 3a) . Influx after bipolar pulse exposures is indistinguishable from sham exposures (i.e., cancellation was observed), except for 60 pulses (Fig. 3b) . Exposures with fewer than ten pulses did not result in statistically significant uptake for either unipolar or bipolar pulses. We assume that we are at the limit of detectability for our system for this endpoint with these 2 ns, 17 MV/m pulses (maximum pulse amplitude with HORUS pulse generator in our setup, see Materials and methods section for details).
Intracellular calcium
2 ns unipolar pulses induce an immediate, sharp increase in cytosolic Ca 2+ , much greater than the attenuated ("cancelled") response to bipolar pulses (Fig. 4) . Traces of calcium-associated fluorescence for individual cells (Fig. 4c and d) show a delayed calcium concentration increase in some cells, which has been attributed to calcium-induced calcium release [41] . At these very low pulse doses, where YO-PRO-1 influx is not detectable with our system, the calcium concentrations do not completely return to the basal intracellular levels -ATPase (PMCA) channels [41] .
FM 1-43
The fluorescence of the cationic, amphiphilic dye FM 1-43 is enhanced in the hydrophobic interior of the cell membrane. 40, 2 ns, 17 MV/m bipolar pulses caused an order of magnitude less FM 1-43 fluorescence increase than unipolar pulses of the same magnitude (Fig. 5) . The pulse number in this case was chosen for a detectable fluorescence increase with bipolar pulses (Fig. 6 ).
2 ns asymmetric bipolar pulses cause more cancellation (less YO-PRO-1 transport) than symmetric pulses
The accelerated membrane discharge hypothesis predicts varying the second phase amplitude should produce different amounts of cancellation. We tested this prediction with 2 ns pulses and YO-PRO-1 influx. To resolve the differences in YO-PRO-1 fluorescence intensity after bipolar pulse exposures with different second phase amplitudes, we (Fig. 7) show that asymmetric bipolar pulses (positive to negative phase ratio 1:0.3) cause more cancellation than symmetric pulses (positive to negative phase ratio 1:1), consistent with previous experiments with longer, 230 ns, pulses [16] .
YO-PRO-1 transport patterns are different after 2 ns unipolar and bipolar pulses
YO-PRO-1 transport into cells electropermeabilized with unipolar, sub-microsecond pulses was previously shown to have an asymmetric spatial distribution, with more transport observed at the pole of the cell facing the anode [39, 42, 43] . This unipolar pulse-induced transport pattern begins as a rapid fluorescence increase at the anodic side of the cell, then progresses to the middle and cathodic regions over a period of about 20 s [39] .
YO-PRO-1 fluorescence immediately after a bipolar pulse exposure appears in roughly equal intensity on both anode and cathode sides of the cells for both symmetric and asymmetric 2 ns bipolar pulse exposures, and then advances uniformly toward the middle of the cell from both anode and cathode sides (Fig. 8) . For bipolar pulse cellular fluorescence distributions, we call the side of the cell facing the ground electrode cathodic, and the side facing the active electrode (which can be positive or negative relative to the system ground) anodic.
When we adjust the dose (pulse number) for the cancellation effect so that unipolar and bipolar exposures induce roughly equal amounts of YO-PRO-1 influx (intracellular fluorescence), different spatial and temporal transport patterns are observed. Relative to the unipolar pulse exposure, the bipolar pulse exposure causes a slower fluorescence increase on the anodic pole of the cells, and a faster fluorescence increase on the cathodic pole (Fig. 8b, c) . A recent report critically examined the importance of molecular charge in transport across electropermeabilized membranes. It showed that under the same electric pulse exposure conditions, the efflux of anionic calcein is comparable to the influx of cationic YO-PRO-1 and propidium, while calcein (anionic) influx is significantly less than the influx of the two cationic dyes [40] . To verify that bipolar pulse cancellation of membrane permeabilization is not dependent on the charge of the electro-transported material, we monitored efflux of calcein from cells in which the dye had been loaded using the membrane-permeant acetoxymethyl ester [40] . Bipolar pulse cancellation of calcein efflux was indeed observed, with asymmetric bipolar pulses more effective at cancellation than symmetric pulses (Fig. 9) , consistent with our results for influx of the cationic dye YO-PRO-1 (Fig. 7) and with previous reports [16] .
Bipolar pulse cancellation of calcein efflux is similar to YO-PRO-1 influx
Cell volume changes after 2 ns unipolar and bipolar pulses
During calcein efflux experiments (Fig. 9) , we noticed that the cell areas changed differently after unipolar and bipolar pulse exposures (Fig. 10a) . Cell area increases after unipolar exposures, consistent with pulse-induced, osmotically driven, cell swelling [47] [48] [49] , but cell area decreases after bipolar exposures, indicating more than simple "cancellation."
To understand this better, we monitored cell volume changes with z-stack photometric analysis of cells in 200 μM calcein solutions after unipolar and bipolar pulse exposures that are equally permeabilizing to YO-PRO-1, since osmotically driven cell swelling is known to depend on permeabilizing stimulus dose [47] [48] [49] . We determined that 9, 2 ns 42 MV/m unipolar pulses cause approximately the same YO-PRO-1 uptake as 40 bipolar pulses at the same electric field (Supplementary Fig. S1 ). Although 40 unipolar pulses cause clear swelling (Fig. 10a) , no volume change is observed with 9 unipolar pulses when compared to a sham exposure (Fig. 10b) . 40 bipolar pulses, in contrast, cause significant shrinking (Fig. 10b) . 2 ns bipolar pulses thus not only cancel the unipolar pulse-induced cell swelling, but also cause an unexpected and unexplained reduction in cell volume.
Discussion
Bipolar cancellation occurs with 2 ns pulses, and cancellation is more effective with asymmetric bipolar pulses
We have demonstrated here that nanosecond bipolar pulse cancellation occurs with pulses as short as 2 ns, and that asymmetric pulses (second phase amplitude lower than first phase) cancel more effectively than symmetric pulses, as has been shown previously for 60 ns and longer pulses. The experiments described here thus put new constraints on plausible mechanisms for bipolar pulse cancellation. 2 ns is roughly the time it takes to construct a lipid electropore, assumed to be the first and fundamental permeabilizing structure formed in biological membranes under electrical stress [50] , and it is much shorter than the time required for even the fastest biochemical reactions or for large conformational changes in biomolecules. The process that triggers "cancellation" of membrane permeabilization and the other endpoints reported for this phenomenon must occur in 2 ns or less.
A reversal of the field does not reverse lipid electropore formation in molecular simulations [51] . A spectral analysis of bipolar pulse cancellation suggests that charged species movement and associated capacitive charging of the cell membrane is a major component of the mechanism underlying nanosecond bipolar pulse cancellation [13] , consistent with the accelerated membrane discharge hypothesis. To evaluate this hypothesis more directly, we developed an analysis based on a dielectric shell model of the cell [27] to track the evolution of the transmembrane potential (V m ) under the conditions of the experiments that produced the results plotted in Fig. 7 . This analysis, defined by Eqs. (1)- (3), shown in Fig. 11a , indicates that asymmetric bipolar pulses (positive to negative phase ratio 1:0.3) should be more effective than symmetric pulses (positive to negative phase ratio 1:1), contrary to what we actually observe.
For Fig. 11 (a) we assumed that the induced transmembrane potential, V m , can increase without limit, which is not true for a biological membrane. When V m reaches a high enough value, the membrane permeabilizes, and the membrane conductance increases, effectively clamping the maximum value of V m . If we assume, arbitrarily, that V m,max = 4.5 V, for example, we get the charging/discharging picture plotted in Fig. 11(b) . As a rough measure of the effectiveness of a given exposure, we compute the area under the V m versus t curve where V m > 1 V, a nominal value for the transmembrane potential that causes permeabilization, and then from Fig. 11b we predict results consistent with the experimental observations of Fig. 7 . Note that with these assumptions, the clamping of the membrane potential drives the membrane potential to higher negative values for symmetric bipolar pulse (Fig. 11b) . Does this mean we arrived at V m,max values that are inconsistent with experimental observations? To assess this, we look at previously published data of bipolar cancellation with changing second phase amplitudes.
If we make similar calculations for V m using experimental conditions from an earlier report (230 ns, 900 kV/m pulses, CHO cells [16] , shown in Fig. 12 , the prediction (more effective cancellation with symmetric than with asymmetric pulses) again runs contrary to the experimental findings. Compare panels b (experimental) and d (model) in Fig. 12 . Note that this exercise in plotting the charging/discharging dynamics and calculating the corresponding effective areas makes it clear that charging by the second phase of a bipolar pulse in the opposite direction can easily end up in a larger effective area under a wide range of electrical parameters, which is not ever observed in any of the reported experiments under many varying conditions for pulses of durations from 2 ns to 900 ns pulses [10] [11] [12] [14] [15] [16] [17] .
This analysis demonstrates clearly that accelerated membrane discharge alone cannot explain bipolar pulse cancellation. The sensitivity of membrane charging and discharging to pulse duration, second phase amplitude, membrane charging time constant, and maximum transmembrane potential disallows this simple explanation for the wide range of conditions under which bipolar pulse cancellation has been observed [10] [11] [12] 14, 16, 17] . The results shown here for 2 ns pulse exposures, where the pulse duration is significantly smaller than the membrane charging time, provides strong new evidence for this argument.
To understand bipolar pulse cancellation, it will surely be necessary to go beyond the simple electrophysical model of the cell to represent the chemical and biological complexity of the plasma membrane and to take into account the multiple avenues for molecular transport across the membrane. Hypothetical mechanisms should be multi-step and multi-dimensional, beginning with charged species movement and membrane capacitive charging (physics), and then progressing to cellular homeostatic and repair responses to membrane permeabilization (biology). These may include maintenance of osmotic balance and 
Bipolar pulse cancellation of anionic calcein efflux is similar to cationic YO-PRO-1 influx
Previously we have shown quantitatively that for a given pulse dose the electropermeabilization-induced influx of calcein is much less than the influx of YO-PRO-1, and that the efflux of calcein from pre-loaded cells under the same conditions is comparable to the influx of YO-PRO-1 [40] . From the new observation reported here that bipolar pulse cancellation of calcein efflux is comparable in magnitude to cancellation of YO-PRO-1 influx, we conclude that neither absolute charge nor direction of transport nor relative tendency to bind to or interact with the cell membrane ( Supplementary Fig. S2 ) contributes significantly to the mechanism of bipolar pulse cancellation.
YO-PRO-1 transport patterns are different for 2 ns bipolar and unipolar pulse exposures
Analysis of transmembrane transport patterns for YO-PRO-1 following unipolar and bipolar pulse exposures shows that bipolar pulse cancellation of total molecular transport is not simply a uniform attenuation of the localized unipolar pulse transport pattern (anodedominant). Bipolar pulse exposures cause localized transport patterns distinct from unipolar pulse exposures, as was also shown with 900 ns pulses [14] . Electrically, when we switch the polarity of the pulses we are switching the cathodic and anodic pole of the cells. As one might expect, this switching of the poles results in equivalent transport at both poles (no anode-dominant pattern).
One potential explanation for cancellation of unipolar pulse-induced transport asymmetry can be found in standard (classical) models of electroporation [20, 21] . While these models fail to predict the nanosecond bipolar pulse cancellation of total transport, mechanistic components in them may help to explain parts of the cancellation puzzle. The models predict that a high-amplitude electric pulse causes rapid pore formation, initially at the anodic pole of the cells. Pore formation is accompanied by an increase in conductance and a concomitant decrease in the local transmembrane potential, which limits pore size expansion [52] . This results in different pore formation dynamics on the cathodic side of the cell, where the induced transmembrane potential reaches higher values and produces larger but fewer pores, and is consistent with experimental studies with microsecond and millisecond duration pulses [53] , which are "long" compared to plasma membrane discharge and pore creation and expansion times [7, 50] .
The situation is different for nanosecond pulse exposures, where the pulse duration is comparable to or much less than the characteristic times for membrane discharge and pore formation and expansion. Given these conditions it is reasonable to expect that unipolar pulses will produce small anodic pores that continue to expand during the hundreds of nanoseconds or more that it takes to discharge the membrane. For very short (symmetric) bipolar pulses on the other hand, combining this scheme with our analysis in the Introduction, small pores will form at both poles of the cells, but they will not expand because the membrane has been discharged (Fig. 1c, d ).
2 ns bipolar and unipolar pulses affect cell volume differently
Nanosecond bipolar pulses do not simply cancel the cell swelling caused by a unipolar pulse. In fact, with some doses that are equally permeabilizing to YO-PRO-1, a unipolar pulse exposure leads to no detectable volume change, and a bipolar pulse exposure leads to cell shrinking. How can this be explained?
Cell volume, intracellular Na + , K + , and Cl − concentrations, and membrane potential are tightly interconnected. In a living cell, any change in one of these factors (as a result of electropermeabilization or any membrane-perturbing event) will result in compensating changes in the others. A complete analysis of the inter-relationships of these cell characteristics must include at the same time an accounting of the effects of the membrane transport parameters that control both active and passive fluxes, for which numerical methods have been established [54] [55] [56] [57] . From this perspective, we propose a mechanism that will result in different cell volumes after exposure to unipolar and bipolar pulses that cause a similar amount of total membrane permeabilization (based on YO-PRO-1 influx), but different post-exposure membrane potentials. Fig. 13 and further explanation below.)
In other words, we propose that the different sizes of permeabilizing structures induced by unipolar and bipolar pulses (larger structures for unipolar pulses, which have longer discharge times, smaller for bipolar pulses, which have shortened discharge times) result in different permeabilities of Na + relative to K + , leading to different sustained membrane potentials and cell volumes after the exposures. decrease in intracellular K + (green lines in Fig. 13a and b) , assuming transport of Na + and Cl − proportional to their concentration gradients (resulting in a 6% and 7% increase in intracellular Na + and Cl − , respectively), a membrane potential change of only 2 mV (from −21 mV to −23 mV) is sufficient to drive volume regulation from "no volume change" to a 10% reduction in volume "shrinking". Fig. 13b shows how varying the relative permeability of Na + (compared to K + ) -Na + relative permeability is lower for very small pores than for larger pores, a nonlinear effect caused by interactions with the phospholipid bilayer interface that are greater for Na + than for K + [58] [59] [60] [61] [62] -affects the relationship between volume change and membrane potential. Smaller pore sizes result in membrane potentials closer to the physiological condition (farther from zero), and the volume ratio becomes more sensitive to changes in membrane potential.
Conclusions
2 ns pulses cause bipolar cancellation similar to that observed with pulse durations from 60 ns to 900 ns. The effectiveness of the cancellation of molecular transport of the fluorescent dyes YO-PRO-1 and calcein is greater when the amplitude of the second phase of the pulse is 30% of the amplitude of the first phase (compared to equal amplitude for both phases). The molecular transport pattern of YO-PRO-1 is different for unipolar and bipolar pulse exposures, consistent with the hypothesis that a bipolar pulse produces smaller pores than a unipolar pulse. We also critically examined the accelerated discharge hypothesis and showed that this hypothesis on its own does not predict many experimental results. Surprisingly, we observed a significant difference in volume regulation behavior after unipolar and bipolar pulses. Bipolar pulses, but not unipolar, cause shrinking in isosmotic, standard growth medium. This likely involves differences in membrane potential recovery resulting from the different sizes of the permeabilizing structures caused by unipolar and bipolar pulses. The results reported here extend bipolar pulse cancellation to very short duration pulses (2 ns), and they support the idea that pulsed electric field-facilitated molecular transport and its cancellation in cells involves more than the formation and closing of openings in the cell membrane. 
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